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Executive Summary 

Two sets of column tests, simulating the hydrogeochemistry of pumping dense aqueous-

phase liquid (DAPL) from the Maple Meadow Brook Aquifer at different rates, were 

undertaken to provide insight into efficacy of pumping DAPL from the aquifer.  

These column tests showed that most (>80%) of the estimated aqueous mass of constituents 

of concern (COC)—specifically, Cl, Cr, NH3, Na, and SO4—can be removed after ~1.5 pore 

volumes (PV) of groundwater flushing. However, the mass removal becomes less efficient as 

flushing continues due to ongoing dissolution of acid sulfate precipitates. After 4.7 PV of 

flushing, one set of column tests was shut down for a period of six weeks to simulate the 

aquifer response upon cessation of pumping. Subsequent constituent concentrations increased 

by an average of 55%, indicating that residual solutes in dead-end pore paces and dissolution 

of precipitates continue to degrade water quality even after apparent attainment of steady 

state effluent chemistry. During the flushing hiatus, there was extensive visual evidence of 

sulfide formation and iron reduction in the columns. 

During flushing, large volumes of Fe-Cr-Al-SO4 precipitates clogged column plumbing and 

inhibited flow, necessitating their removal for the column test to continue. Analogously, 

precipitates may also form in the aquifer setting as acidic DAPL is neutralized, resulting in 

potential reduction of aquifer porosity and/or flow in the extraction system plumbing.  

These tests suggest that significant mass removal during remedial pumping of DAPL from 

the Maple Meadow Brook Aquifer is possible; however, pumping beyond the first 1.5 PV 

will probably result in asymptotic mass removal. Further, caution must be taken when 

interpreting these results, as other column-testing work has shown that column experiments 

produce less dispersion and faster flushing of COC than field-scale pumping.  
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1 Introduction 

The removal of dense, aqueous-phase liquid (DAPL) in the Off Property West Ditch Area 

and concentrated DAPL-like material in the Maple Meadow Brook Aquifer Study Area, via 

recovery wells is being considered as a possible remedial alternative at the 51 Eames Street 

Site in Wilmington, Massachusetts. However, experience at other sites with remedial 

pumping of acidic plumes indicates that such pumping may continue for a long period of 

time, with gradually decreasing efficacy (e.g., Keely 1989; Travis and Doty 1990). To test 

the feasibility of remedial pumping of DAPL, and to evaluate the potential efficiency of such 

pumping, column tests have been performed over the past year on aquifer material collected 

from the OPWD Study Area. The preliminary results of this study were summarized in 

Geomega (2004), which also contains detailed discussions of the sample collection, 

laboratory methods, and experimental data. This document augments the previous report by 

analyzing all of the accrued data in greater detail and summarizing the final results. 

1.1 Objectives  

The initial column results indicated that a large portion of the estimated solute mass could be 

removed by pumping (Geomega 2004). However, experience with other acidic groundwater 

plumes indicates that remediating waters to relatively low numerical standards can take 

decades or longer (Davis 2003, EPA 1997). Furthermore, the pH of acidic groundwater 

systems creates conditions that can make the aquifer system recalcitrant to geochemical 

change, due to mineralogical buffers that require extensive flushing to neutralize (Nicholson 

et al. 2003, Stollenwerk 1994). Nevertheless, pump-and-treat can remove contaminant mass, 

aiding in source reduction and hydraulic control, and improving the geochemical 

environment for natural attenuation (EPA 1996, 1997). The objective of the column tests was 

to obtain site-specific data that would provide an empirical basis for evaluating and designing 

a field-scale extraction system at the site with realistic expectations for an end point of 

pumping.  
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The specific goals of the experiment were to: 

1. Determine key groundwater restoration potential factors (e.g., Figure 1 of EPA 1996), 
including sorption, and gain insight into potential variations in the flow regime due to 
changing hydraulic conditions. 

2. Evaluate the feasibility of meeting groundwater restoration standards and help define 
practical remediation goals for the MMBA and the OPWD Study Areas.  

3. Provide insight into the timeframe of remedial pumping and, hence, help define 
realistic remedial expectations.  

4. Support decision making relative to the development of, or future refinements to, the 
remedial pumping system at the site. 

5. Provide insight on the interaction of remedial pumping with monitored natural 
attenuation and other potential remedial alternatives. 

1.2 Limitations 

Direct application of the results of column testing (i.e., assuming one pore volume in the 

column is equivalent to a pore volume in the field) is overly optimistic due to several factors.  

These factors include the scale dependence of dispersivity, the greater heterogeneity of field-

scale aquifer materials, and the greater overall uncertainty of the extent of the plume in the 

aquifer system.  

Dispersivity, the tendency of solute slugs to diffuse and become less compact, becomes 

greater in larger systems (McLaughlin and Ruan 2001; Gelhar et al. 1992). This tendency 

results in column data typically underestimating the duration of remedial flushing of aquifer 

systems.  

All of the aquifer-material cores collected for the columns tended to have a relatively 

homogeneous lithology. However, the lithology varied greatly between cores. As a result, 

some of the columns consisted primarily of gravel and cobbles [e.g., column CTB-3 (27-32)], 

which was not used, because it was simply a collection of >3-cm rocks with no cohesive 

lithology, while other columns contained mostly fine sands [e.g., column CTB-6 (35-40)].  In 

column tests, flows in different heterogeneous units have little interaction, while in the field, 
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flows from these different lithologies will interact, increasing the effects of dispersivity 

relative to that observed in the laboratory (Huang et al. 1995).   

Finally, laboratory systems, by design, are more constrained than field conditions, and the 

success of extrapolating from the laboratory to field conditions depends in part on the depth 

and understanding of the field conditions.   

Therefore, the actual remedial system will likely be less efficient at mass removal than the 

column test data indicate, especially at later pore volumes. 
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2 Experimental Methods 

For reference purposes, this section presents a brief review of the laboratory procedures used 

and outlines the methodology of the additional investigative work completed in the study. 

2.1 Review of Methodology 

The design and analytical methods used in this study were described in detail by Geomega 

(2004).  

2.1.1 Column Test Design 

In summary, the column-test design was based on the anticipated radial pattern of flushing 

expected from the pumping of an extraction well situated near the low point of a DAPL pool 

at the base of the aquifer (Figure 1). The column design simulated the pumping of DAPL-

saturated material along variable-length flow paths radiating out from the well. The premise 

was that DAPL saturated soil would first be flushed by entrained diffuse material and then by 

more dilute overlying groundwater. Aquifer material in the central portion of the pool would 

be flushed multiple times by material being drawn in from above and from the radial margins 

of the pool.  

The column-test design simulated the dynamic behavior of an actual extraction system and 

addressed some of the limitations typically associated with column tests; e.g., 

underestimation of dispersion (Schulin et al. 1987), lack of consideration of the evolution of 

hydraulic properties during pumping (Blume et al. 2002), and oversimplification of remedial 

pumping as a one-dimensional system (Logan 1996).   

The column tests were constructed from cores of DAPL-saturated aquifer material collected 

in tact by rotosonic drilling (Geomega 2004). The cores were trimmed and capped in the 

laboratory to minimize headspace and disturbance, and then re-saturated with DAPL.  

To simulate this system, two column test set-ups—the Small Column Complex (SCC) and 

the Large Column Complex (LCC)—were constructed, each one consisting of three “input” 

channels and one “output” column (Figures 2 and 3). In the LCC the three input channels 

consisted of pairs of in-series columns, while in the SCC these were single columns. Influent 
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was fed through a manifold into the top of each of the four columns. Effluent from the three 

input columns then entered the output column through side ports near the top of the column, 

with the entire flow emitting from the bottom of the output column. The net result was that 

the central column was flushed by approximately 4 pore volumes (PV) of pore water for each 

PV that passed through the entire apparatus—once by water entering directly into the column 

and three times by the input-channel effluent water. This design was chosen to create a more 

realistic estimate of dispersion in these tests and to add some dimensionality to the remedial 

system. For each complex, an input reservoir fed into the top of each of the three input 

channels. From the bottom of each channel the water passed into the top of the output 

column before being collected from the base in a separate (output) reservoir (Figure 3). The 

influent was allowed to drain constantly from the input reservoir through the columns, so that 

the entire system of columns within each complex was continuously fed and fully saturated. 

Each complex was initially saturated with DAPL taken from Port 2 of MP-2, a multi-level 

piezometer installed at the site. DAPL was replaced in the influent reservoirs with diffuse-

layer groundwater (taken from MP-2 Port 9) on 6/27/04 (prior to the start of data collection). 

The influent reservoirs were switched to overlying groundwater (taken from MP-2 Port 11) 

for the SCC on 8/9/04 (after 0.9 PV of flushing) and for the LCC on 10/14/04 (after 0.8 PV 

of flushing).  

During the experiment, in-line specific conductivity and manometer readings were taken on a 

daily basis. Manometer readings and visual inspection of the cores were included to evaluate 

the hydraulic evolution of the system during pumping. Samples for analytical analysis were 

initially collected as soon as enough volume was accumulated to conduct the chemical 

analyses. Thereafter, column effluent was sampled on a biweekly basis. Sampling frequency 

dropped to a once a week at approximately 3 PV in the LCC and 5.5 PV in the SCC, and to 

every other week soon thereafter. After the flushing hiatus in the LCC, frequent, high-

resolution sampling was resumed.  
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As the column tests proceeded, maintenance—including minor leak repair1, pump 

maintenance, and instrument maintenance—was conducted on a regular basis. The columns 

were checked daily by Geomega staff during the initial 1.5 pore volumes (including 

weekends), and at least every other day thereafter. Maintenance was conducted on an as-

needed basis. At ~1.5 PV, several columns in both complexes stopped flowing and very large 

head differences were observed (> 50 cm). These flow problems necessitated the cleaning of 

inter-column plumbing which was clogged with large amounts of precipitates.  The system 

was shut down for a one-day period for this maintenance.    

For reference, each individual column in the complexes was given a nickname (Table 1). The 

LCC columns were named after each of the Seven Dwarfs from Walt Disney’s 1937 

adaptation of the story of Snow White (Grimm and Grimm 1812) and the SCC columns were 

named after each of the Four Musketeers from Richard Lester’s 1975 movie based on the 

novel by Dumas (1844). These nicknames are used throughout the text because “Dopey” is 

much easier to remember than “CTB-1 (32-37)”. 

One consideration of this study was that the flow rate through the column apparatus should 

be as close as possible to actual field conditions. Hence, the flushing rates were controlled 

and averaged 10 ml/hour, corresponding to a flow velocity of 0.5 cm/day in the input 

columns and 2 cm/day in the output columns. These rates are slightly higher than the 

groundwater flow rates that might actually be used in the final remedial extraction system. 

However, they were considered appropriate given the practicality constraints of completing 

column tests in a reasonable amount of time (i.e., <1 year).   

2.1.2 Electron Microprobe Analysis 

Prior to flushing, column material solids were analyzed by Electron Microprobe Analysis 

(EMPA), following the method of Davis et al. (1992). Briefly, the sample was mounted in an 

epoxy mold, allowed to cure at room temperature, and polished at low speed using kerosene 

to prevent dissolution of water-soluble phases. The surface of the mold was then cleaned 

                                                 
1 The columns were checked on a daily basis; therefore, leaks were identified within 24 hours of starting. Each 
leak had an estimated volume of less than 10 ml.  These volumes are small (<1 percent) when compared to the 
total flow in the system during the test, and can therefore be considered to have minimal effects on the results of 
the tests. 
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with isopropyl alcohol and coated with a thin layer of carbon. Metal-bearing particles were 

identified using a combination of energy dispersion spectrometry (EDS), wavelength 

dispersion spectrometry (WDS), and backscatter electron image (BEI) detection. Images of 

sediment particles were obtained using BEI and recorded as photomicrographs. The chemical 

composition of the sediment was established using EMPA standards, allowing determination 

of the solid-phase stoichiometry 

2.1.3 Lithium Tracer  
To determine pore volumes and assess the effects of hydrodynamic dispersion, 61.4 mg of 

lithium chloride (10 mg lithium and 52 mg chloride) was added as a tracer to the initial 2 

liters of influent solution at the onset of the column experiment, resulting in a 5 mg/l lithium 

spike in the influent for each column test. It was assumed that the appearance of lithium in 

the effluent would signal the initial discharge of added influent (and simultaneously the end 

of discharge of one pore volume of DAPL).  

The maximum concentrations of dissolved lithium measured in samples of the column-test 

effluent were 3.58 to 3.74 mg/l, and occurred in the first sample at the start of flushing in 

each test (Figures 4 and 5, Table 2)2, indicating the presence of lithium in either the DAPL, 

or the soil matrix, or both. Lithium concentrations steadily decreased as flushing continued 

until, after several pore volumes, they asymptotically approached stable values of < 0.2 mg/l. 

In the end, a definitive lithium spike was not apparent in either column test effluent. 

2.2 Continuation of Experiment 

Four additional elements of the experiment have been completed since the Interim Report 

(Geomega 2004) was released: 

1. flushing of columns to additional pore volumes;  

2. temporary cessation of flow through the LCC;  

3. additional microprobe analysis of column precipitates; 

                                                 
2 Analytical results for lithium were included in the Interim Report (Geomega 2004, Appendix B), although the 
test itself was not discussed in that document because the results were only preliminary and still under 
investigation at that time. At this point, the source of lithium in DAPL is still under investigation. 
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4. a bromide tracer test.  

 

2.2.1 Flushing to Additional Pore Volumes 

The columns continued to be flushed to a total of 9.8 PV (SCC) and 6.05 PV (LCC), with the 

last PV committed to the bromide tracer test.  

2.2.2 Cessation of Column Flow 

To evaluate the effects of a hiatus in pumping, flow through the LCC was shut off for 6 

weeks, after 4.7 PV of flushing.  The column was not flushing from 2/23/04 to 5/17/04. This 

cessation was representative of pump breakdown or the completion of pumping.  

2.2.3 Microprobe Analysis of Column Precipitates 

Upon flushing completion, the columns were dismantled and precipitates in the column were 

analyzed by (EMPA), as described in Section 2.1.2. 

2.2.4 Bromide tracer 

To facilitate the extrapolation of column-test results to actual field conditions, a bromide 

tracer test was conducted at the end of the experiment (once sulfate concentrations had 

decreased to non-interfering levels) to more accurately quantify the pore volumes of water 

that passed through the columns. The test was made with 1000 mg/l influent solution. The 

bromide tracer was prepared by spiking MP-2 Port 12 water with 30.7 g/L NaBr. The spiked 

influent water was then introduced into the columns and the effluent was collected daily and 

monitored for bromide using a bromide-selective, silver-sulfide/silver-bromide electrode 

(Skoog 1985). Samples were analyzed in weekly batches, with the electrode calibrated to 

standard solutions of 1, 100, 1,000, and 10,000 mg/l bromide. 
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3 Results 

Results of additional analytical testing and data validation reports for these data are included 

in Appendix A. In general, most data met data quality criteria, and had no qualifying 

remarks. A small number of the data were “J” qualified due to slightly prolonged holding 

times. These data were included in our analysis, but only in conjunction with other data, 

showing the chemical evolution of the system. A few nitrite samples were qualified as “G” 

because their holding times exceeded acceptable standards. These samples were excluded 

from the analysis.  

3.1 Bromide Tracer Results 

The bromide breakthrough curve for the SCC (Figure 6, Table 3) includes the effects of 

water-filled endspace in the columns and the volume of water in tubing, so the pore volume 

of the column was adjusted to account for these factors. After adjustment for these reservoir 

effects, the data indicate that the SCC has a pore volume of ~5.5 L and a porosity of 0.30. 

The results (Appendix B) also indicate that the direct flow into the top of D’Artagnan, the 

central column in the SCC, was only about 15% of the total flow. The other 85% of the 

influent entered into the three input columns in roughly equal proportions (i.e., the flows 

though Aramis, Porthos, and Athos were similar). 

The bromide breakthrough curve for the LCC is shown in Figure 7 and Table 3. The overall 

pore volume in the LCC was ~12 L and the porosity was 0.34. Flow appeared to be evenly 

distributed between all four column channels (three inflow and the top of the central 

column).  

3.2 Column Flushing Results 

The prior Interim Report (Geomega 2004) came to several conclusions, including:  

1. Pumping 1.5 PV DAPL would be necessary to eliminate DAPL conditions in 

groundwater. 
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2. Based on formation of iron precipitates in the column study, physical limitations 

to aquifer DAPL removal, such as plugging by solids, may render DAPL removal 

technically impractical over time. 

3. There is some uncertainty as to how scale-up to aquifer conditions will affect the 

estimated remediation rates, indicated by the Bench Scale Test described in the 

Interim Report. Additionally, the potential for an increase in the release of solutes 

in the diffuse layer to overlying groundwater due to imposed turbulence in the 

DAPL, and the duration of the flushing period due to uncertainties in the extent 

and characteristics of DAPL throughout the system, are unknown. 

4. Residual solid phases could be expected to result in elevated concentrations of 

some solutes for an unknown period.  

5. The slower the pump-rate, the better the chance of avoiding perturbations of 

DAPL that would exacerbate ex-solution of solutes into clean, overlying 

groundwater, and formation of precipitates. 

The latest results support the Interim Report conclusions, with most solutes reaching 

asymptotic concentrations by the end of the experiment. 

Visually, the contents of the columns evolved over the course of the experiment (Figure 8). 

Initially, the columns were filled with grayish gravel containing green DAPL. As the DAPL 

began to flush from the system, the iron oxidized (despite the anoxic test conditions), 

precipitating orange amorphous ferric hydroxide as the pH increased in the columns. When 

the LCC was shut off during the flushing hiatus, black spots consistent with sulfide mineral 

formation developed (Figure 8c). These black regions were surrounded by clearer gray areas, 

consistent with iron reduction in the zones surrounding the spots of sulfide reduction.  

3.3 Individual Constituent Behavior 

The evolution of the column effluent for each constituent is presented in Figures 8 through 

19. The data used to prepare these graphs are presented in Appendix A of this report, and in 

Appendix B of the Interim Report (Geomega 2004).  Each figure includes the influent 
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concentrations from the variable-depth ports in the multilevel piezometer MP-2. This water 

was used for the column influent water (Geomega 2003).  The lower the number following 

the MP-2 designation, the deeper the port, and thus the closer the port is to the DAPL.  Port 2 

is in the DAPL, Port 9 is diffuse layer water, and Ports 11 and 12 are overlying groundwater.  

In addition, many figures show the previously developed (Geomega 1999), empirically-

defined, lower limit concentration for DAPL (where applicable). Results of the flushing 

hiatus in the LCC are presented in Table 4, and updated constituent mass balances are 

presented in Table 5. 

3.3.1 pH 

As described in the Interim Report (Geomega 2004), the effluent pH rose gradually with pore 

volumes in both the SCC and the LCC (Figure 9). In the SCC, effluent pH varied between 

about 5 and 6.5 (averaging 5.7) over the final 6 PV. This mildly acidic pH was achieved after 

~4 PV in the SCC and is consistent with the buffering of a system by Al-OH-SO4 minerals 

(e.g., AlOHSO4). 

The LCC effluent pH also increased over the first 4 PV, reached a maximum of 6.1 at ~5 PV, 

then showed signs of oscillation similar to the SCC. Oscillations continued immediately after 

the flushing hiatus, then the pH decreased to an average of 4.6 during the final LCC pore 

volume, a 25% decline from the maximum pH (Table 2).  

3.3.2 Specific Conductivity (SC) 

The specific conductivity of the SCC effluent decreased relatively smoothly over the course 

of the experiment (Figure 10). The SC in the SCC reached the statistically-defined sub-

DAPL condition3 (20,600 µS/cm) at ~1.6 PV, then leveled off at approximately 740 µS/cm at 

6 PV, well above MP-2 Port 11 influent SC of 172 µS/cm. At the end of the test, the SC 

increased due to the arrival of the NaBr spike for the pore volume determination. 

The LCC trend paralleled the SCC trend. The SC in the LCC reached sub-DAPL conditions 

at ~1.3 PV. After the flushing hiatus, the SC increased by over 75% to an average of 

                                                 
3 All sub-DAPL constituent concentrations used in this section are based on Geomega (1999). 
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1,700 µS/cm from 943 µS/cm prior to the cessation of flushing. This increase reflects the flux 

of ions coming into solution within the LCC during the flushing hiatus.  

3.3.3 Iron (Fe) 

Iron decreased in the SCC effluent from 2,260 mg/l at 0.18 PV to influent (MP-2 Port 11) 

concentrations (1.07 mg/l) at ~2.5 PV. Iron concentrations in the effluent were below the 

detection limit of 0.05 mg/l at 4.1 PV (Figure 11).  Concentrations continued to be non-

detectable through the end of the experiment, with a slight perturbation at the end. 

In the LCC, Fe concentrations decreased to below the detection limit of 0.05 mg/l after 

approximately 3.5 PV, and continued to be non-detectable until the hiatus in flushing. After 

the hiatus, Fe increased to 1.2 mg/l, probably due to the more reducing conditions that 

developed when flushing ceased. This hypothesis is supported by the apparent formation of 

sulfides and dissolution of iron oxide phases (Figure 8). With re-initiation of flushing, Fe 

concentrations returned to non-detectable levels within half of a pore volume. 

3.3.4 Sulfate (SO4)  

Sulfate concentrations in the SCC decreased gradually throughout the course of the 

experiment, from 71,400 mg/l at 0.18 PV to sub-DAPL concentrations (16,000 mg/l) at 

~1.6PV (Figure 12). After ~5 PV, SO4 concentrations continued to decrease slowly but 

remained in the 200-400 mg/l range through ~9 PV. ASO4 concentration of 100 mg/l was 

only achieved after 9.8 PV of flushing in the SCC. The SCC effluent never reached the 

concentration of the MP-2 Port 11 influent (46.2 mg/l). 

A similar decline and eventual leveling-off of SO4 was observed for the LCC. Sub-DAPL 

concentrations for SO4 were reached at ~1.3 PV. Quasi steady-state concentrations of 

~300 mg/l were reached at ~5 PV. After the hiatus in flushing, SO4 concentrations increased 

50%, then returned to pre-hiatus conditions or lower after ~5.2 PV.  

3.3.5 Aluminum (Al) 

Aluminum decreased monotonically throughout the course of the experiment (Figure 13) 

from 2,180 mg/l at 1.8 PV to 0.25 mg/l at ~6.1 PV. After about 6 PV, Al leveled-off near 
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0.14 mg/l in the SCC, consistent with the buffering of pH and Al concentrations by Al-SO4 

minerals. This end concentration is slightly above the MP-2 Port 11 influent concentration of 

0.1 mg/l. 

After the hiatus in flushing in the LCC, Al increased by ~85% (from 0.81 mg/l to 1.5 mg/l) 

as the pH declined. The Al concentration leveled off at 1.1 mg/l, and remained elevated 

above pre-flushing hiatus levels, due to the continued low pH of the system. 

3.3.6 Ammonia (NH3) 

Ammonia behaved similarly to SO4, reaching sub-DAPL concentrations (1,250 mg/l) in the 

SCC after 1.6 PV of flushing (Figure 14). At ~5.5 PV, ammonia in the SCC became 

asymptotic at a concentration of approximately 60 mg/l, perhaps reflecting ongoing 

dissolution of acid-bearing ammonium jarosite [NH4Fe3(OH)6(SO4)2] phases. Despite this 

asymptotic behavior, ammonia is one of the most efficiently flushed constituents, with over 

100% of its initial aqueous mass being flushed from the system (Table 5). 

In the LCC, NH3 increased by a factor of 35 after the re-initiation of flushing (from 3.47 mg/l 

to 120 mg/l), and remained at concentrations greater than 90 mg/l throughout the rest of the 

experiment. The possible basis for sustained ammonia levels, after the re-initiation of 

flushing is discussed further in Section 3.6.1.2 of this report.   

3.3.7 Calcium (Ca) 

Calcium in SCC effluent decreased from 625 mg/l at 0.18 PV to 71.5 mg/l at 4.1 PV 

(Figure 15). At 6 PV, the Ca concentration in the SCC appeared to equilibrate at ~35 mg/l, 

above the influent concentration (6.94 mg/l) in the MP-2 Port 11 water.  

Upon re-initiation of flushing in the LCC, Ca increased from 18 mg/l to an average of 

35 mg/l, and remained above 30 mg/l through the end of the experiment. 

3.3.8 Chloride (Cl) 

Chloride in effluent from the SCC increased from 721 mg/l at 0.18 PV to 10,700 mg/l at 

1.1 PV (Figure 16) and then decreased to 219 mg/l after 4 PV. Early-time Cl concentrations 
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in both complexes appear to be anomalously low, possibly due to analytical interferences 

with the high levels of SO4 in the DAPL. Chloride in the SCC effluent reached sub-DAPL 

concentrations (2,800 mg/l) at ~1.6 PV, and leveled off at ~50 mg/l after 5 PV, above the 

MP-2 Port 11 influent concentration (18 mg/l). 

For the LCC, Cl increased from 5,410 mg/l at 0.06 PV to 11,800 mg/l at 0.8 PV (double 

peak) before decreasing to 468 mg/l at 2.2 PV. Chloride in the LCC effluent reached sub-

DAPL concentrations at ~1.4 PV. After the restart of flushing, Cl increased by 35% in the 

post-hiatus samples.  

3.3.9 Chromium (Cr) 

Chromium concentration behaviors in both complexes (Figure 17) were qualitatively similar 

to those for Al. The Cr concentrations in the SCC effluent decreased through ~7 PV before 

leveling-off at ~0.03 mg/l, equal to the MP-2 Port 11 influent concentration of 0.03 mg/l.   

In the LCC, Cr increased 54% from 0.11 mg/l to 0.17 mg/l upon restarting the columns after 

the flushing hiatus, but returned to pre-hiatus levels at 5.2 PV. 

3.3.10 Magnesium (Mg) 

Magnesium concentrations (Figure 18) behaved similarly to those for Al and Cr. Magnesium 

concentrations in the SCC fell below the sub-DAPL criteria (270 mg/l) at 1.6 PV. 

Concentrations continued to decrease through ~6 PV, then stabilized at ~3.4 mg/l (more than 

double the 1.5 mg/l concentration in the MP-2 Port 11 influent).  

In the LCC, Mg concentrations fell below the DAPL criteria at 1.3 PV. Upon restarting the 

columns after the flushing hiatus, Mg concentrations increased 93% from 4.4 mg/l to 

8.5 mg/l, then decreased slightly while still remaining above the pre-hiatus concentration.  

3.3.11 Sodium (Na) 

Sodium also behaved similarly to Al, Cr, and Mg, with concentrations decreasing to sub-

DAPL conditions (1,700 mg/l) at 2.4 PV in the SCC (Figure 19). After 6 PV through the 
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SCC, Na leveled off at ~45 mg/l, still well above the MP-2 Port 11 influent value of 19 mg/l. 

Concentrations spiked during the last 4 samples due to the presence of the NaBr tracer.  

Sodium concentrations in the LCC decreased to sub-DAPL conditions at 1.7 PV. Upon 

restarting the LCC after the flushing hiatus, Na increased 45% from 83 mg/l to 120 mg/l 

before spiking to 220 mg/l due to the NaBr tracer. Although Na concentrations in both 

complexes were influenced by the presence of the NaBr tracer at later pore volumes, the 

long-term behavior of sodium is expected to be analogous to that of Al, Cr, and Mg.  

3.4 Microprobe results 

The Interim Report (Geomega 2004), other geochemical studies in the MMBA 

(e.g., Geomega 2001), and work at other sites with acidic groundwater plumes 

(Stollenwerk 1994; Davis 2003; Nicholson et al. 2003) all show that Fe-Al-Cr-OH-SO4 

precipitates play an important role in controlling the major ion chemistry, trace ion 

chemistry, and pH evolution of chemical systems. Electron microprobe analysis of column 

material from before, during and after flushing shows the chemical evolution of the solid 

precipitates in the columns.  

The condition of the initial DAPL-saturated aquifer material, containing authigenic clay 

minerals resulting from acid alteration of feldspar minerals in the aquifer matrix 

(Nicholson 2003) and abundant Cr-Al-SO4 solids with a ~Al2CrSO4(OH)7 stoichiometry and 

a log ksp of ~28 (Geomega 2001), is shown in Figure 20. The authegenic clay minerals 

contain elevated concentrations of Cr, incorporated from the acidic DAPL during the 

alteration process (Figure 20a). As formation of clay minerals reduces the system’s acidity 

(thereby raising the pH), other precipitates from the concentrated DAPL start to form. These 

precipitates are primarily Cr-Al-SO4 minerals (Figure 20b) and Fe-Cr-Al-SO4 minerals 

(Figure 20c). In general, the Fe-Cr-Al-SO4 precipitates are less common in the DAPL-

saturated material than the Cr-Al-SO4 precipitates, probably due to the high solubility of 

Fe(II) in the acidic DAPL environment. 

As described in the Interim Report (Geomega 2004), a large flux of ochre-colored solids 

(flocculent) was generated during flushing, necessitating cleaning of the column plumbing at 
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approximately 1.5 PV. Microprobe analyses of this material show that it was primarily 

Fe-Cr-OH-SO4 minerals (Figure 21). In these precipitates, Cr was primarily associated with 

Al and SO4 rather than Fe and SO4, consistent with iron oxidation during flushing and 

previous observations that Cr3+ is commonly associated with Fe-OH minerals (Bartlett and 

James 1979). The presence of Fe-SO4 phases, which play a role in buffering the pH to acidic 

levels, is characteristic of Fe speciation in acidic systems (Nordstrom and Alpers 1999; 

Davis et al. 1999; Bigham et al. 1996). The mid-flushing precipitates contain small crystals 

of NaCl, probably a product formed during sample drying.  

The microprobe analysis shows that system neutralization, oxidation, and flushing will 

generate chemical precipitates that could reduce porosity, control the chemical evolution of 

the major ions in the system, and buffer pH. Post-flushing column precipitates contain iron 

oxide minerals with low levels of Cr, Al, and SO4. These minerals occur either as distinct 

blebs (Figure 22a), as the filling in pores and interstices (Figure 22b), or as potentially pore-

blocking rinds on grains (Figure 22c). The chemical evolution of the precipitates from a 

Cr-Al-SO4 system to a Fe(OH)3 system is reflected in the composition data of the grains 

(Figure 23). Pre-leaching precipitates had 5 times the Cr and 10 times the SO4 concentrations 

of post-leaching precipitates. In contrast, post-leaching precipitates had 1 to 2 orders of 

magnitude more Fe than pre-leaching precipitates. Overall, the lower levels of SO4 and Cr 

are consistent with these constituents being flushed through the columns.  

3.5 Mass Removal Calculations 

Geomega (2004) concluded that most (>70%) of the aqueous mass of constituents of concern 

(COC) was removed from the columns over the initial ~1.5 PV, with mass removal becoming 

substantially less efficient after that point. This conclusion was based on an analysis of the 

distribution of mass between the aqueous phase and solid phase both in partitioning tests and 

column tests.  

The additional testing allowed a continuation of the mass balance assessment and refinement 

of previous calculations. The further results were consistent with the initial report, as aqueous 

mass removal remained inefficient. For example in the SCC, 79% of the cumulative DAPL-

defining aqueous mass (the sum of NH3, SO4, Cr, and Cl) was removed at 1.5 PV, but a 
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further 7 PV of flushing resulted in the removal of only 9% more mass (Figure 24). 

Similarly, in the LCC, 79% of the cumulative aqueous DAPL-defining mass was removed at 

1.5 PV, while another 3.5 PV of flushing removed an additional 9% (Figure 24). An updated 

estimate of mass flushing from the column tests based on the refined pore volumes and 

additional data is presented in Table 3.  These new results are all within 5% of the calculated 

values from the initial part of the study, supporting pervious assertions that long-term mass 

removal efforts would be inefficient.  

3.6 Chemical Modeling 

Geochemical speciation models can provide insight into the chemical controls on solute 

concentrations that were flushed from the columns (e.g., Stollenwerk 1994; Nordstrom 

2002). This understanding is especially important given the relatively high concentrations of 

normally immobile constituents (e.g., Al, Cr, Fe) and the apparent retardation in the columns 

of typically mobile constituents (e.g., Na, SO4, Cl, NH3) that were observed in this 

experiment. Geochemical modeling was used to integrate these data and to provide a more 

in-depth understanding of the chemical evolution of the columns; specifically, the 

mineralogical controls on constituent concentration and pH in the column system.  

The column system was modeled using Geochemist’s Workbench (Bethke 1998) with the 

thermodynamic data set augmented with additional empirically relevant mineral phases 

including CrFe3(OH)12 (Barlett and James 1979), AlOHSO4 (Parkhurst 1995) and 

Al2CrSO4(OH)7 observed in DAPL-saturated portions of the Main Street Saddle Area 

(Geomega 2001). The model allows determination of which minerals are near saturation in 

the system, evaluation of the predominant aqueous species in solution, and determination of 

the geochemical effects of the solid-phase system on the aquifer chemistry. 

Geochemical modeling results show the importance of precipitates in controlling the solution 

pH and metal concentrations. In combination with mass balance calculations, the modeling 

reveals three types of geochemical behavior in the columns. These behaviors are classified as 

1) conservatively transported, 2) pH-controlled, and 3) redox-controlled compounds.  
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3.6.1 Conservatively Transported Compounds 

Chloride was the only compound that appeared to be conservative. In the mass balance 

calculations, chloride was nearly 100% associated with the aqueous phase, both in the 

column mass balances and in the partitioning studies. In addition, after the flushing hiatus in 

the LCC, chloride concentrations increased by only a small amount (~5%), and rapidly 

returned to pre-hiatus levels. There were no supersaturated, chloride-containing minerals 

predicted in the geochemical modeling.  

3.6.2 pH-Controlled Compounds 

Aluminum, Ca, Mg, and NH3 behavior was primarily related to pH. After the hiatus in 

flushing in the LCC, these constituents increased in concentration, and remained at elevated 

levels while the pH remained low. In other acidic plumes, the solubility and inter-conversion 

of Al-SO4 minerals (such as AlOHSO4 and Al(OH)3) has been shown to be an important pH 

buffer in acidic groundwater systems (Nicholson et al. 2003; Zhu and Burden 2001), 

buffering the pH to near 4.5. AlOHSO4 and Al(OH)3 were near saturation in many of the 

column effluents above pH 4, as indicated by saturation indices (SI) that were within one unit 

of zero (Figure 25). With the presence of both Al-SO4 and -OH phases, the system pH was 

generally fixed between 4.0 - 5.5. Such a buffered system is likely to remain mildly acidic for 

many pore volumes (i.e., >30 PV, Stollenwerk 1994).  

Calcium and Mg were commonly associated with many clay minerals, and mass balance 

calculations indicate that a large portion of these materials (>90%) were associated with the 

solid phase in partitioning tests (Geomega 2004). Ammonia’s mass balance is somewhat 

ambiguous. One partitioning test revealed a significant mass associated with solid phase 

materials (~50%); however, a second partitioning test revealed almost no mass associated 

with the solids. Solid phase associations could be due to solid phase substitution of NH3 for 

K, resulting in ammoniojarosite or ammonioalunite (Dutrizac and Jambor 2000)4, minerals 

that form in some acidic, high ammonia environments. If these minerals are present, they do 

                                                 
4 While ammonia may be associated with the solid phase in the system, other nitrogen-bearing amine 
compounds are not likely associated with the solid phase because they generally occur as unionized, less polar 
organic compounds. In addition, their larger molecular diameter impedes their incorporation into mineral 
structures.  
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not affect the fact that ammonia is one of the most efficiently flushed constituents from the 

system (Table 5).     

3.6.3 Redox-Controlled Compounds 

The behavior of Fe, Cr, and SO4 was closely linked to iron oxidation and the resulting 

decrease in aqueous Fe. At the start of the experiment the redox environment in the columns 

facilitated near conservative movement through the system, resulting in flushing of most of 

the aqueous mass. Solid-phase Fe compounds were undersaturated during the initial 1.3 PV 

of flushing (Figures 26 and 27). However, after ~1.5 PV, these compounds decreased as iron 

oxide minerals proliferated. At this point, Fe(OH)3 and CrFe3(OH)12 were also near 

saturation, with Cr solubility controlled by CrFe3(OH)12 solid solution until the end of the 

experiment, as indicated by the Cr activity remaining near the edge of the CrFe3(OH)12 

solubility field through most of the experiment (Figure 28). This hypothesis is supported by 

the EMPA analysis results, which confirmed the presence of Cr-Fe-OH-SO4 minerals in the 

mid-flushing precipitates. This result is also consistent with Bartlett and James (1979), who 

found that there is a continuous solid solution between Fe- and Cr-OH minerals, suggesting 

that Fe (III) chemistry may control Cr solubility.  

After the flushing hiatus in the LCC, aqueous Cr, Fe, and SO4—all associated with Fe(III) 

minerals—increased by ~50%. This increase is expected with dissolution of Fe(III) minerals 

due to iron reduction during the hiatus. However, Cr, Fe, and SO4 concentrations decreased 

to pre-flushing levels within 0.5 PV; with the reinstitution of flushing, iron oxidation allowed 

re-precipitation of the Fe(III) minerals and associated elements (Figures 26 and 27).  

Sulfate is included in the redox-controlled group because of its association with Fe minerals 

and post-hiatus flushing behavior similar to Fe and Cr. In addition, SO4 concentrations were 

close to saturation with gypsum and Al-SO4 minerals.  

3.7 Flow Considerations 

Column flow changed little over the additional pore volumes. During the final phase of the 

experiment, the manometer heads did not change more than 50% in most columns 

(Figures 29 and 30). The only exceptions were anomalous increasing head differences in 
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Bashful in the LCC and Porthos in the SCC. After removal of precipitates from the plumbing 

in both complexes at 1.5 PV, mineral precipitation that prevented flow was not observed 

again in either complex.  
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4 Summary and Conclusions 

Column testing provided insight into the behavior of the aquifer-groundwater system during 

remedial pumping of the DAPL.  Specific conclusions drawn from the experimental results 

are: 

1. Mass removal during initial pumping has the potential to be quite effective, possibly 

removing at least 70% of the aqueous constituent mass. 

2. Beyond 1.5 PV, mass removal is inefficient. Additional flushing results in little 

incremental mass removal. Constituent concentrations decrease only slowly and, for 

most elements, approach an asymptotic condition remaining above the influent 

concentrations.  

3. The pH of the DAPL-saturated aquifer will remain low (<5) due to buffering by Al 

precipitates.  

4. The column tests generated a large amount of flocculent due to precipitation of Al, 

Cr, Fe and SO4 minerals. These precipitates may decrease the effective porosity of the 

aquifer as the pH changes and oxygenated diffuse layer and overlying groundwater 

mixes with acidic iron-rich DAPL. In addition, the remedial pumping wells and 

conveyance/storage system could become clogged if they are not carefully monitored 

and maintained.  

5. When flow through the LCC ceased for 6 weeks, certain constituent concentrations 

increased by an average of 55%. By analogy, any interruption in remedial pumping 

may be followed by a period of increased solute concentration in the discharge after 

the pump(s) is/are restarted.  
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